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CHAPTER I
INTRODUCTION
As the space community responds to the call of President Bush to return to the
Moon with a long-term mission of robotic exploration and a permanent human presence,
much is needed in the way of operational infrastructure. Part of this infrastructure, such
as navigation and communications components, could be provided by constellations of
lunar satellites. Having a constellation like NAVSTAR/Global Positioning System
(GPS) would be ideal, but prohibitively expensive. In addition to navigation and
communications assets, satellites in lower altitude orbits could provide mission critical
needs for surveillance of diverse robotic and human operations distributed across the
lunar surface. Again, a sufficient number of traditional ground-observing satellites for
constant and complete surface coverage would require a large monetary investment.
Fortunately, the micro-satellite industry has advanced to a state where micro-satellites
can be considered as viable platforms for the ground observation, navigation and
communications assets needed. Micro-technology advancements have produced eversmaller imaging systems, receivers, transmitters and computers that may be placed on
small, relatively inexpensive spacecraft. These expanding capabilities of small satellites
have caught the attention of both military and civil space agencies and new applications
are being researched and advanced at a brisk pace.
1
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In light of this reality, it seems obvious that the road to an extensive, permanent
human presence on the Moon will involve deployment of significant space-based assets
in lunar constellations. Furthermore, while Earth-orbiting constellations of various
altitudes, patterns and purposes are plentiful, and the techniques for designing their orbits
are well known and refined, very little research has been undertaken to apply this
knowledge to the lunar orbit environment. A thorough survey of the astronautics
literature has revealed only a few pertinent works. 1, 2 , 3 , 4 This research focuses on the
application of Earth-based constellation design techniques to lunar orbit design problems
with a specific focus on low-lunar orbit imaging and situational awareness missions.
The current research begins with literature research, not only to discover the
extent and results of prior research on lunar constellations, but to better understand the
dynamics of the lunar orbit environment itself. The particulars of the lunar gravity
potential, its effects on lunar satellites and the major differences between orbital
dynamics near the Earth and near the Moon are discussed in Chapter 2.
Next, a method for design of constellations in lunar orbit is presented and the
issues that must be taken into consideration during the constellation design process are
discussed. This design method is derived from documented methods for design of Earth
constellations, factoring in the significant differences that exist between the lunar orbit
environment and the Earth orbit environment. Individual orbits, including specialty
orbits, are then analyzed to produce a set of potential orbits that may be used during the
subsequent constellation trade study. These single and specialty orbit results are
presented in Chapters 3 and 4. In Chapter 5 the constellation trade studies are undertaken
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considering multiple constellation patterns and configurations and trading the total
number of satellites against overall constellation ground coverage. The coverage
properties of candidate constellations are evaluated with figures of merit that are typically
used in analogous Earth constellation designs.
In Chapter 6, promising constellations are analyzed to determine the need for, and
approximate cost of, stationkeeping. Evaluating stationkeeping needs and costs is an
essential part of any space mission design process, but it takes on an added importance
for constellations where costs are multiplied by the number of satellites in the
constellation.
In the final chapter, the overall findings of the research are summarized and
recommendations for design of lunar satellite constellations are made. While this work
focuses on low-altitude constellations in particular, the applicability of the findings to the
general challenge of lunar constellation design is discussed.

CHAPTER II
BACKGROUND
Recently research has been directed toward addressing the needs presented by the
President’s exploration initiative. One such need is to develop satellite assets at the Moon
that can provide communications, navigation, and additional support for surface
operations. Many articles were found that detail the design and evolution of single lunar
orbits, but the applicability of these articles was limited in the current lunar constellation
study. A few articles were found that discuss lunar constellations, but these dealt with the
constellations typical for navigation and communications relays. The following is a
summary of the applicable research found on lunar constellations and the potential orbits
used in designing the constellations.
Before the shift in research focus provided by President Bush, the primary
concern of previous work was to develop orbits that would be useful to research and map
the Moon. This includes examining surface features and developing higher resolution
gravity field models. Park and Junkins researched the idea of using a frozen orbit at low
altitudes (100 km) for a lunar mapping satellite. They found a set of frozen orbits with
small secular changes in key orbit parameters over a month and verified the “frozen”
characteristics using multiple gravity models.
The most recent NASA mission to the Moon, Lunar Prospector, used a quasifrozen orbit with a mean orbital altitude of 100 km. 5 It was found that the required
4
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eccentricity and argument of perigee for a truly frozen orbit at an altitude of 100 km
would not meet the mission requirements. Using the frozen orbit parameters, the orbit
was adjusted to meet mission requirements while minimizing the need for maintenance.
The Lunar Reconnaissance Orbiter (LRO), scheduled to be the first robotic lunar
mission of the new initiative, is to launch in 2008. It is designed to have a frozen orbit at
an altitude of 50 km. The LRO will be in a polar orbit with an eccentricity of 0.043 and
argument of perigee 270 degrees. 6 The frozen orbit was verified using the LP100K model
and it was found that the satellite can go up to six months without the need for a
stationkeeping maneuver. The total ΔV budget for the nominal one year mission is 180
m/s, but the main concern is with altitude adjustments.
Before the renewed lunar focus, only one article involving a proposed lunar
constellation was found. This constellation is an autonomous lunar navigation system
developed with high altitude satellites. The purpose of this constellation is to provide a
means for lunar navigation similar to the Earth-based GPS. It was found that an altitude
of 10,000 km is the optimal altitude due to trades between orbit insertion costs,
stationkeeping costs, and coverage statistics.
Since the initial focus of upcoming lunar exploration will be the polar region of
the Moon, a constellation of three satellites was developed by Ely such that at least two
spacecraft are always in view of a pole. In order to reduce the constellation size to three
satellites, the satellites must be at a high altitude (a = 6541.4 km), highly eccentric (e =
0.6), having fairly large inclination (i = 56.2 degrees), and an argument of perigee located
about the pole of interest (90 degrees or 270 degrees). This combination of orbital
elements allows for continuous and double polar coverage for a lifetime of ten years. Ely
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also asserts that this constellation requires no cross-track maintenance or orbit control to
maintain the phasing of satellites.
Two different constellations of six satellites each were also developed by Ely and
Lieb to provide continuous polar and global coverage. The basis for this work is the
previous constellation of three satellites that provides continuous polar coverage. Both
constellations have two planes of three satellites each with initial right ascension of
ascending node (RAAN) values of 0 and 90 degrees. Both planes have an argument of
perigee located over a pole. Both constellations also have an inclination of 40 degrees.
The first constellation has a semi-major axis 7500 km and eccentricity of 0.05. The
second constellation has a semi-major axis of 9873 km and an eccentricity of 0.185. Both
constellations have a small number of gaps in coverage, but they both provide 2-fold
coverage for 95.7% of the time.
While none of the preceding works found in the literature address the current
study of low-altitude constellations with continuous, global coverage, they do help
illustrate the promise and challenges of the lunar constellation design space.

Earth-Moon System Theory
The Earth-Moon System is a very complex system mostly because, for a natural
satellite, the Moon is a significant percentage of Earth’s size. For simplicity, the Moon is
considered to orbit the Earth while the Earth is orbiting around the Sun. More technically
speaking, both bodies orbit their common center of mass. The time for the Moon to
revolve around the Earth, when compared to a distant star, is 27 1/3 days. 7 This is called
the sidereal month. Another way to measure the revolution of the moon is to measure the
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time it takes to pass through the phases of the moon. This is called the synodic month and
it is 29 1/3 days long. The reason for the additional time is because the phases depend on
the relative positions of the Sun, Moon, and Earth. That is, the synodic month is based on
the Moon’s motion as seen from an Earth reference.
While the Moon is orbiting the Earth, the Moon is also rotating about its axis.
Compared to the Earth, the Moon rotates slowly, completing only one revolution in a
sidereal month. Since the Moon completes one rotation in the same amount of time it take
to complete one orbit revolution, only one side of Moon is ever visible to the Earth. The
importance, in constellation design, of the Moon’s slow rotation is in the large revisit
times of a single satellite over a particular surface region. A polar orbiting spacecraft will
not revisit a particular location on the Moon for just over two weeks. This is an extremely
long revisit time compared to a spacecraft at the same altitude around Earth. Such a
spacecraft has a revisit time of just twelve hours.
In addition to the differences between the Earth and Moon due to dynamics, there
are also significant differences in physical dimensions of the two bodies. A comparison
of the physical constants of the Earth and Moon is given in Table 1. The table shows the
radius of the Moon is less than one third that of the Earth. The mass of the Moon is one
percent of the overall mass of the Earth. The mass has a direct effect on the gravitational
parameter (μ) of the body. The gravitational parameter is defined by the following
equation:

μ = GM

(Equation 1)
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where G is the universal gravitational constant and M is the mass of the central body. The
gravitational parameter appears in the basic two-body differential equation of motion.
This equation is given as follows:

v
&rv& = − μ r
r3

(Equation 2)

v
where r is the distance from the central body to the spacecraft and r is the radius vector.

This equation is a second order vector differential equation, which serves as the basis of
most orbital analyses. 8 The direct result of the smaller lunar gravitational parameter is
that there is less force exerted on a spacecraft by the Moon, which decreases the orbital
velocity from that experienced near Earth. Even though a lunar orbiting spacecraft has far
less distance to travel when compared to the same altitude Earth orbiting spacecraft, the
lunar spacecraft will exhibit larger orbital periods due to the significant reduction in
velocity.
Table 1 - Earth & Moon Physical Constants 9
Earth
Moon
Radius (km)
6371.3
1738.3
Mass (kg)
5.97E+24 7.35E+22
Gravitational Constant (km^3/sec^2) 3.98E+05 4.90E+03
Orbital Period - 200 km Radius (min)
88.5
127.6

The gravitational field of the Moon also exhibits a different character than that of
the Earth. When describing the gravity potential with a zonal latitude-based
representation, zonal coefficients describe the variation of the body from a perfect sphere.
The first six zonal coefficients for both the Earth and Moon are listed in Table 2. The
Earth’s coefficients are from the JGM-2 model and the Moon coefficients are from the
LP165P 10 gravity model. The J2 term for the Moon is an order of magnitude smaller than
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that of the Earth, meaning that the Moon is much less oblate than Earth. The major
difference in gravitational fields, however, is that the Moon’s potential does not have one
dominant term. The Earth has a dominant J2 term and the rest of the terms are of much
lower order. The Moon has a weaker J2 than Earth, but the other terms are comparable in
magnitude. The J6 and J7 terms of the Moon are actually larger than the J3 and J4 terms.
The relative equality of the first six terms of the Moon means that one must consider all
six and cannot get even an approximate answer with only the J2. Design of Earth satellite
orbits with a J2-only approach is, however, a very common technique.
Table 2 - Earth & Moon (GLGM-1) Oblateness Parameters
Earth
Moon
J2 1.083E-03 9.089E-05
J3 -2.530E-06 3.204E-06
J4 -1.630E-06 -3.197E-06
J5 -2.271E-07 2.157E-07
J6

5.408E-07 -3.766E-06

J7 -3.522E-07 -5.622E-06

Perhaps the most important difference between the Earth and the Moon is the fact
that the Moon does not have an atmosphere. Unlike the Earth, the lower altitude limit on
the Moon is not imposed by the atmosphere but by mountainous regions that a spacecraft
could potentially impact. Not only can a spacecraft orbit at low altitudes, but designers do
not need to be concerned with the decrease in altitude due to drag. The force of
atmospheric drag greatly affects the altitude of low Earth satellites thus limiting the
lifetime of a spacecraft. The lack of atmosphere on the Moon opens up the lower altitudes
for consideration by lunar mission designers.
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Lunar Gravity Field Model
The first attempt to model the lunar gravity field produced a 7 x 7 (zonal,
sectorial, and tesseral) potential model. This was generated from the Russian Luna 10
mission in 1966. 11 In 1968, Muller and Sjogren used a new technique to determine the
accelerations of a spacecraft along the line-of-sight from groundstations to the
spacecraft 12 . The result of this new technique produced a gravity map of the front side of
the Moon and also detected its large mass concentrations. As more data became available
from spacecraft orbiting the Moon, gravity models began to increase in fidelity, including
more harmonics of the potential field. Models by Ferrari (1977) and Bills and Ferrari
(1980) were developed, but at most degree and order 16. 13 The resolutions of the gravity
solutions were limited due to the extensive computational time required. With improved
computing power, the 60 degree and order Lun60d gravity model was released in the
1990s using all the available historic data. 14 The Goddard Lunar Gravity Model (GLGM2) with a degree and order of 70 was released in 1997. 15 This model was developed from
data obtained from Apollo lunar orbiters, the Apollo 15 and 16 subsatellites, and the
Clementine mission of 1994.
The next major development in lunar gravity models came as data from the Lunar
Prospector mission of 1998 became available. The following models were developed
from the additional LP data: LP75D and LP75G (1998), LP100J and LP100K (1999), and
LP165P (2001). The LP165 model is considered to be the most accurate of all the LP
gravity models. Despite including higher order and degree terms, the LP165 model is
generally considered reliable only up to the 110th degree and order. This is due to data
noise seen in the higher degrees. The one problem with all of the lunar gravity models,
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even the most accurate LP165P model, is that there is a hole in the farside gravity model.
Currently there is no line-of-sight data for the backside of the Moon. The Japanese Selene
mission, currently planned for launch in 2007, will have a relay satellite to provide
measurements of the far-side gravity. 16
The two most accurate models available are the GLGM-2 and the LP165P. Due to
the addition of the Lunar Prospector data, the LP165P is considered to be the more
accurate of the two models. The reason for the higher accuracy is because the Lunar
Prospector orbited the Moon for a year at an altitude of only 100 km and then spent
additional time at 40 km before impacting the lunar surface. The Clementine mission was
in an elliptical orbit with a periapsis altitude of 400 km. The lower altitude of the Lunar
Prospector allowed for more accurate and higher order models to be developed.

Lunar Constellation Design
The design of a lunar constellation is very similar to the design of an Earth
orbiting constellation except for the central body of the constellation itself. The
constellation design process used in this analysis is a modified version of the design
process presented by Wertz in his book, Mission Geometry: Orbit and Constellation
Design and Management. 17 The modifications made to the design process are to make
the design process applicable to this lunar study. The following topics presented by Wertz
in his constellation design process are not considered in this analysis: launch options,
environment, collision avoidance, constellation build-up, replenishment, and end-of-life
issues. The main issues, which dominate the constellation design process, are
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constellation coverage, the number of satellites per orbit plane, the number of orbital
planes, orbital perturbations, and orbit maintenance.
Coverage is commonly the parameter used to measure the performance of a
constellation. Constellations are primarily designed with the intent of providing
continuous global cover or minimizing the coverage gap times. The number of satellites
is the driver in the constellation design process since the total cost of the constellation is
directly related to the number of satellites. Decreasing the number of satellites is the most
effective way to decrease the overall cost of the constellation. The main issue with
decreasing the number of satellites is that the constellation coverage can be
compromised. The ultimate goal of the designer is to minimize the cost and maximize the
coverage.
Orbit perturbations are another factor in the total cost of the constellation. Design
of Earth constellations are primarily concerned with the effects of drag and the oblateness
of the Earth, but since the Moon does not have an atmosphere, lunar constellations are
primarily concerned with the perturbative effects of the lunar gravity field. Using the
mission objectives, designers must determine the stationkeeping approach. Designers
typically choose between three stationkeeping approaches: leave the perturbations
uncompensated, control the perturbations so that it is the same for all satellites, or negate
the perturbing force. The latter two approaches require propulsive orbit correction. For
this lunar constellation design, the stationkeeping approach will be to control the
perturbations so that it is the same for all satellites.
There are many variables in the lunar constellation design process so the variables
are broken down into principal and secondary design variables. The principal design
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variables are the number of satellites, constellation pattern, minimum elevation angle, and
altitude. The secondary design variables are inclination, distance between satellites,
eccentricity, and size of stationkeeping box. All of the design variables affect the
constellation coverage and the overall cost.
The constellation design process begins with the definition of the mission
requirements. Some of the parameters that must be defined are the latitude dependent
coverage, requirements for sensors, and the limits on system cost or number of satellites.
Some of these parameters may be given a discrete value while other parameters can be
given a range of allowable possibilities.
The second step in the constellation design process is to analyze the potential use
of specialty orbits. A specialty orbit can be of several different categories of orbits and is
designed to take advantage of particular gravity perturbations. These orbits have unique
characteristics that divide them from the single trade orbits and require individual
analysis since the parameters can be very different than ones normally analyzed during
general single orbit trades. Two different types of specialty orbits are potentially
applicable in the design of the lunar constellation. The first is the sun-synchronous orbit.
A sun-synchronous orbit keeps the line of nodes of the satellite’s orbit fixed relative to
the sun. This allows for the satellite to experience constant lighting conditions, which is
beneficial for minimizing solar array movement and for consistent image quality. The
other specialty orbit is the frozen orbit. A frozen orbit is an orbit designed to “freeze”
one, or multiple, orbital elements. Freezing an orbit helps reduce the effects of orbital
perturbations, which reduces the overall cost of stationkeeping. The separate analysis of
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the specialty orbits means that more orbits can be potentially carried over to the
constellation design.
After analyzing specialty orbits, the next step is to perform single satellite orbit
trades. The main objective of this step is to determine how the orbital parameters affect
the mission requirements. The analysis starts with altitude and inclination trades to
determine the degree to which mission objectives are achieved through range values of
each of these parameters. Once the ranges of altitude and inclination have been narrowed
down, trades on initial RAAN must be performed. RAAN analysis is needed for lunar
orbits due to the particulars of the gravity field.
Once the single orbit analyses and trades are completed, the next step in the
constellation design process is to analyze different types of constellations. In this
analysis, central body coverage is being traded against number of satellites. Using the
potential orbits carried over from the single orbit trades, constellations are designed using
several types of constellations. In evaluating the different constellations, figures of merit
must be selected in order to compare constellation designs. Some typical figures of merit
are mean response time, percent coverage, and maximum gap of coverage and these are
discussed further in Chapter 6.
There are many different types of constellation patterns. The two most common
constellation patterns are Walker constellations and streets of coverage constellations.
Walker constellations are satellites at the same inclination spaced out symmetrically in
multiple orbital planes. 18 Streets of coverage constellations are satellites in polar orbits
with the orbital planes spaced evenly around the equator. There are many other types of
constellation patterns that fit special design considerations and are very mission specific.
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Some constellations use a combination of both polar and inclined satellites. This pattern
helps improve global coverage but also potentially causes problems with stationkeeping
since orbital planes are at different inclinations and thus the planes will precess or regress
at varying rates. Since a constellation is defined as a group of satellites working to
achieve an overall goal, the design of constellation patterns is only limited by the
designer’s imagination.
The last step in the constellation design is to analyze the groundtracks to see if
improvements can be made to the constellations. The purpose of this analysis is to find
ways to fill in coverage holes or to reduce the number of satellites. This step in the
analysis is not concerned with orbital parameters such as inclination or RAAN, but with
the placement of the satellites within the orbits to achieve optimal coverage. With the
groundtracks analyzed, all work should be documented and the process iterated until the
mission requirements are satisfied.

CHAPTER III
DEFINITION OF REQUIREMENTS
Since this is a study of general lunar surface coverage properties and lunar
constellation design methodology rather than a particular lunar constellation, there are
only two requirements imposed on this study. The first requirement imposed on this study
is that the constellation must provide a ½ meter image resolution. A ½ meter resolution is
sufficient to be able to distinguish between astronauts, robots, or other surface objects
that may need to be monitored by mission operators. 19 There are a wide range of sensors
that can provide the capability of ½ meter resolution. Landsat and DoD satellites provide
much better than ½ meter resolution but the sensors on these satellites would not be able
to fit on a small satellite. Currently, the German SAR-Lupe constellation provides a ½
meter image resolution using synthetic aperture radar on a spacecraft weighing 770 kg
and at an altitude of 500 km. 20 The assumption is being made for this study that the ½
meter resolution is guaranteed at an altitude of 450 km. The altitude is reduced from 500
km to 450 km in order to ensure the desired image resolution. The second assumption is
that the goal is to achieve continuous, global coverage. While it is known that polar
ground sites may have added importance 21 , designs are considered that would provide
situational awareness anywhere on the surface.
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The assumption of a specific sensor means the resolution requirement becomes a
constraint on the constellation altitude. As altitude increases, the resolution decreases.
This means that the constellation altitude must be less than or equal to 450 km to
guarantee at least a ½ meter resolution. The end result of the resolution constraint means
ultimately that the altitude is constrained to be less than 450 km.
Due to time and resource limitations, a few aspects of a constellation design
process were not taken into consideration. Some aspects of mission design not included
in the constellation design process are details of launch, translunar injection, and the orbit
insertion of the satellites. At the Moon, these aspects have a large effect on the
constellation cost, but do not directly affect the method of constellation design. It is
assumed that launch, translunar cruise and lunar orbit injection resources exist to
establish the constellation designed. Other aspects neglected are lighting issues, particular
spacecraft design, and communications architecture. The lighting issues could pose a
significant problem due to long periods of darkness, but these issues are neglected for this
study. On the other hand, the spacecraft communications could potentially be as simple
as relaying information to higher orbiting satellites. One last issue not addressed is sensor
constraints such as limitations imposed on the field of view. All of these neglected factors
are aspects that would be analyzed in detail during a detailed lunar constellation mission
design, but are neglected here so that the constellation design itself will be the focus.

CHAPTER IV
SINGLE ORBIT TRADES
The first step in the constellation design process is to perform a single orbit trade
study. The goal of this analysis is to obtain a general idea of which types of orbits might
be beneficial, or ill-suited, for inclusion in the constellation. During the single orbit
trades, the designer needs to keep in mind the mission requirements and goals.
Specifically, this is the part of the design process where the designer can reduce cost by
minimizing stationkeeping while insuring the required observation resolution.

STK Propagator Selection
In order to efficiently and accurately analyze all the candidate orbit possibilities,
an orbit propagator needs to be selected. The Satellite Took Kit software suite used in this
study offers many options for selecting perturbations and perturbation models. The main
concern with the propagator is that it is able to model all influential perturbations while
remaining time efficient. In defining propagation parameters, the most important
considerations are the lunar gravity field model and the selection of additional
gravitational bodies. With a full gravity field model (165 degree/order) and the third body
effects of the Earth and Sun included, the propagation of a two month orbits takes almost
ten minutes on a typical laptop computer. In an attempt to reduce the computing time,
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investigations were done to determine if the gravity model could be reduced and if the
effects of third bodies were necessary for single orbit trade studies.
Even though the LP165P model is complete up to the 165th degree and order, it
was quickly determined that using the full gravity model is not efficient for the single
orbit design process due to the long computation times. It was obvious that the loss in
accuracy due to the reduction in degree/order of the gravity field needed to be quantified.
Two different orbits were propagated for a month using three different degree/order lunar
gravity field specifications. The three choices for degree/order were as follows: 10 x 10,
50 x 50, and 100 x 100. For each of the two representative orbits, the orbital elements are
plotted for the length of the propagation.
The first orbit analyzed is a polar orbit with a semi-major axis of 2188 km. The
evolution of the RAAN, inclination, eccentricity, and semi-major axis are all analyzed.
The argument of perigee is not analyzed since the orbit is nearly circular and the true
anomaly is not analyzed due to the fact that it changes continually as the satellite moves
through the orbit. Figure 1 shows the evolution of the RAAN during the month. At the
end of the month, there is a slight difference between the 10 and 100 gravity field models
with the 50 degree/order gravity field lying on top of the higher order model. The
evolution of the eccentricity is shown in Figure 2. Similar to the RAAN, the models
show a slight difference in eccentricity. Both the 50 and 100 degree/order models
produce the same results while the 10 degree model is smaller in eccentricity by 0.0002.
For the evolution of inclination, Figure 3, the difference in models has no effect on the
final inclination. The last orbital element analyzed is the semi-major axis and is shown in
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Figure 4. The plot is for the last week of the orbit and the plot shows that the fidelity of
the model has no effect on the semi-major axis since the all three models are on the same
line. Since there is no significant difference in using the three models for an orbit at an
altitude of 450 km, it is sufficient to use a 10 degree/order gravity field model.

Figure 1 - Variation in RAAN for Polar Orbit
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Figure 2 - Variation in Eccentricity for Polar Orbit

Figure 3 - Variation in Inclination for Polar Orbit
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Figure 4 - Variation in Semi-Major Axis for Polar Orbit
An orbit with an inclination of 45 degrees and at an altitude of 150 km was also
analyzed to determine if any major differences occur in the results due to differences in
the gravity models. Similar to the polar orbit, the lower inclined orbit was propagated for
a month using the same three gravity model specifications. The evolution of the RAAN
for the final day is shown in Figure 5. The plot shows no discernable difference between
the three models. The difference in inclination due to the three gravity models is shown in
Figure 6. This plot shows, even though it is difficult to tell, that the 50 and 100
degree/order model generate the same results while the 10 degree/order model produces
slightly different results. The 10 degree/order model has a variation in inclination that is
around 0.003 degrees. The plot of eccentricity, Figure 7, also shows the same trend of the

23
higher two order models being similar and a slight difference in the lower order model.
The semi-major axis,
Figure 8, also shows that there is no noticeable difference among the three models. The
results of the inclined orbits agree with the results from the polar orbit and show that the
reduction in gravity model is justified for the single orbit design process at the altitudes
of interest.

Figure 5 - Variation in RAAN for Inclined Orbit
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Figure 6 - Variation in Inclination for Inclined Orbit

Figure 7 - Variation in Eccentricity for Inclined Orbit
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Figure 8 - Variation in Semi-Major Axis for Inclined Orbit
With the gravity field model specifications determined, the third body
perturbations due to the Earth and Sun are analyzed. The effect of the Earth on lunar
orbits has been previously analyzed and it was found that the effect of the Earth is not a
significant factor below altitudes of 500 km. 22,23 Since the maximum allowable orbit for
this study is 450 km, the third body effect at 450 km is analyzed. This is considered the
worst-case scenario since the magnitude of the Earth perturbation will decrease as the
altitude decreases. Polar and 45 degree inclination orbits are each propagated twice: once
with the third body effect included and a second time without. All orbits are propagated
for one month starting on July 1, 2005 and used the 10 x 10 lunar gravity field model
previously discussed.
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The first orbit analyzed is the polar orbit. The difference between modeling both
third body effects and not is illustrated in the plots of RAAN, inclination, eccentricity,
and semi-major axis. (The other two orbital elements, the argument of perigee and true
anomaly, are of no concern since the orbits are nearly circular.) These plots are shown in
Figure 9, Figure 10, Figure 11, and Figure 12, respectively. The plot of the RAAN shows
that the third bodies cause a slight increase in the RAAN drift. This difference is no more
than a tenth of a degree after one month. The inclination plot gives the same result. The
third bodies increase the magnitude of the periodic motion but the difference is only a
tenth of a degree at the peaks. When not at the peaks, the inclination is very similar
between the two cases. As for the eccentricity, the perturbation due to the third bodies has
a different effect. The periodic variation in eccentricity is the same whether or not the
third bodies are included, but the magnitude of the secular rise in eccentricity is less with
the third bodies on. This means that the third bodies are actually helping to maintain the
low eccentricity. Nonetheless, the difference between orbits is only 0.0001 in
eccentricity. The semi-major axis is plotted for only the last day of the orbit for clarity. It
shows that the third bodies have produced no change after one month. Therefore,
according to the analysis of the polar orbit, the third bodies of the Sun and Earth do not
perturb the orbit enough to necessitate the inclusion of the third bodies in the single orbit
trades propagation.
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Figure 9 - Third Body Effects of RAAN for Polar Orbit

Figure 10 - Third Body Effects on Inclination for Polar Orbit
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Figure 11 - Third Body Effects of Eccentricity for Polar Orbit

Figure 12 – Third Body Effects of Semi-Major Axis for Polar Orbit
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Before completely eliminating the third bodies from the single orbit trades
propagator, the third body effects are analyzed for an orbit with an inclination of 45
degrees. The same approach was taken as during the polar orbit analysis except for
changing the inclination from 90 degrees to 45 degrees. The plots of the RAAN,
eccentricity, inclination, and semi-major axis are shown in Figure 13, Figure 14, Figure
15, and Figure 16, respectively. There is a slightly larger drift in the RAAN due to the
third body effect, but this additional drift is less than one degree after a month. As for the
differences in eccentricity, the third bodies create a slightly larger perturbation but this is
almost unnoticeable. The inclination, similar to the RAAN, shows a difference with the
addition of the third bodies. The maximum difference is a tenth of a degree. For the semimajor axis, the addition of the third bodies actually reduces the overall variation, but the
difference is small. Compared to the polar orbit, the inclined orbit shows slightly larger
perturbations due to the third body but these perturbations are still small enough to be
neglected during the single orbit trades.
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Figure 13 - Third Body Effects on RAAN for Inclined Orbit

Figure 14 - Third Body Effects on Eccentricity for Inclined Orbit
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Figure 15 - Third Body Effects on Inclination for Inclined Orbit

Figure 16 - Third Body Effects on Semi-major Axis for Inclined Orbit
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Altitude Analysis
The first step in performing the satellite trades was to analyze the effects of orbital
altitude. Using the propagator built for the single orbit trades, spacecraft were placed in a
circular orbit and were propagated for a time period of one month. The altitudes of the
spacecraft range from 100 km to 500 km. The upper boundary of altitudes was defined by
the image resolution requirements and the assumption that the effect of the third body can
be ignored. The lower boundary was defined by the assumption that the perturbations due
to the gravity field will be far too great below 100 km.
The first analysis is the effects of the lunar perturbations on the orbit of the
satellite. To analyze the perturbations, orbital elements are plotted for the one month
orbit. The orbital elements analyzed are the inclination and eccentricity. The inclination
and eccentricity are analyzed since they have the largest effect on the orbit. The other
four orbital elements are not considered in this analysis for their own separate reasons.
The semi-major axis will mimic the eccentricity, the RAAN is analyzed separately and
both the argument of perigee and true anomaly are not applicable. The plots for each of
the orbital elements are shown in Figure 17 and Figure 18. Each plot shows that the
change in each orbital element gradually decreases as the altitude increases. The
maximum change in inclination of the spacecraft at an altitude of 100 km is nine tenths of
a degree while the difference at an altitude of 500 km is only four tenths of a degree. The
maximum eccentricity during the month at 100 km is 0.014, while it is only 0.005 at 400
km. The changes in the two orbital elements are more than double when comparing the
500 km orbit to the 100 km orbit. These results show that increasing the altitude can
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significantly reduce the perturbations which in turn help to decrease the stationkeeping
costs.

Figure 17 – Inclination Variations at Various Orbital Altitudes
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Figure 18 - Eccentricity Variations at Various Orbital Altitudes
The next step in the altitude analysis is to determine the effect that altitude has on
the satellite coverage. It is common knowledge that raising the altitude increases the
coverage area, but the difference in coverage area needs to be quantified. Since the initial
concern for coverage is at the poles, polar orbits are propagated with altitudes between
100 km and 500 km. Both the global coverage and the instantaneous access area were
computed for the spacecraft. A plot of the instantaneous access area as a function of
altitude is shown in Figure 19. The instantaneous access area is the area covered by a
satellite. This plot shows that the instantaneous access area increases dramatically, and
almost linearly, as the altitude increases. The global coverage for the spacecraft is shown
by the percent time covered plot in Figure 20. This plot shows that a 500 km polar orbit
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provides twice the polar coverage of a 100 km polar orbit. The same orbit also provides
almost four times the lunar equatorial coverage.

Figure 19 - Instantaneous Access Area

Figure 20 - Percent Coverage by Latitude
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The results of the altitude analysis show that the spacecraft altitude needs to be as
high as possible. Raising the altitude increases the spacecraft coverage and decreases the
orbit perturbations. Both of these characteristics are very important in reducing the
overall cost of the constellation. Increasing the spacecraft coverage means potentially
reducing the total number spacecraft needed. This is the most effective way to reduce the
cost of the constellation. Decreasing the orbit perturbations means decreasing the cost of
stationkeeping. This is also another very effective method to reducing the total cost of the
constellation. The final result of the altitude analysis is that the spacecraft altitude is
constrained by the minimum resolution requirement. In order to meet the minimum
resolution requirement, the altitude can be no higher than 450 km.

Inclination Analysis
The second step in the satellite orbit trades is to analyze possible inclinations to
use during the constellation design. Unlike the altitude analysis, the goal of the
inclination analysis is not to find the “best” inclination but to determine the effects that
inclination has on stationkeeping costs and lunar coverage. Satellites at inclinations of 30,
45, 60, 75, and 90 degrees are propagated for a month at an altitude of 450 km. Each
satellite is propagated using the propagator developed for the single satellite trades. Both
the orbital elements and the coverage statistics of the satellites are analyzed. The orbital
elements for this analysis include the inclination, eccentricity, and RAAN. The semimajor axis is excluded as, in the absence of drag, it tends to follow the eccentricity, and
both the argument of perigee and true anomaly are invalid.
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The variation in inclination of the orbits is analyzed first. The plot of inclination
verses time is shown in Figure 21. This plot shows that each spacecraft has a periodic
motion in inclination but has little or no secular change in inclination. This result is
beneficial since maintaining the inclination of an orbit is very fuel expensive. This shows
that significant inclination maintenance is probably not needed for the lifetime of the
constellation, but longer propagations are needed for verification.

Figure 21 - Inclination Variations at Various Orbital Inclinations
As for the changes in eccentricity, the analysis shows that the perturbations
decrease as the inclination increases. The plot of eccentricity, Figure 22, shows that while
all of the orbits experience perturbations, the largest perturbations occur at the lowest
inclinations. The lower two inclinations, 30 and 45 degrees, do not return to a near zero
eccentricity like the more greatly inclined orbits. These two orbits seem to have a secular
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rise in their eccentricity. The higher inclined orbits, between 60 and 90 degrees, are all
very similar. They all have a periodic motion with each one having a maximum
inclination between 0.006 and 0.007 degrees and a minimum eccentricity below 0.001.
These orbits have no distinguishable secular increase during the one month propagation
period. The only significant difference is the periodic motion. While choosing an
inclination, the evolution of the eccentricity shows that the orbits are perturbed less as the
inclination increases.

Figure 22 - Inclination Variations at Various Orbital Inclinations
The plot of the RAAN in Figure 23 shows that precession of the RAAN is
dependent primarily on the inclination of the orbit. The drift of the orbit plane over a
month’s time can be anywhere from one degree to seventeen degrees. The polar orbit
regressed only one or two degrees while the 30 degree orbit regressed seventeen degrees.
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All of the other orbits had regression rates between these two values with the rate
decreasing as the inclination increased. The large disparity in RAAN rate demonstrates
that lunar constellations should not be designed with multiple inclinations due to the
stationkeeping cost that will be associated with the keeping the orbital planes aligned.

Figure 23 - RAAN Evolution
With the orbital elements analyzed, the next step is to analyze the effects of
inclination on global surface coverage. To do this, the global coverage of each inclination
is calculated and plotted showing the percent time covered versus latitude. This is shown
in Figure 24. The plot demonstrates which orbit inclinations cover which lunar regions
and for how long. One thing to notice from this plot is that at 450 km, inclinations of 30
and 45 degrees have no polar coverage and have very little coverage above 70 degrees.
These inclinations therefore are eliminated since the design requirements stipulate
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complete, global coverage. The plot also shows, as expected, that a polar orbit has the
greatest amount of polar coverage while having the least amount of equatorial coverage.
Finally, the plot shows that there is a balance between polar and equatorial coverage
around an inclination of 60 degrees. Ideally, for a global coverage constellation, the
inclination should provide a balance between polar and equatorial coverage.

Figure 24 - Latitude % Coverage
The inclination analysis produced two major recommendations for the overall
constellation design. The first recommendation is to avoid designing a constellation with
multiple inclinations. It was determined that there is a significant difference in the
regression rate of the RAAN for spacecraft with different inclinations. The additional
cost of maintaining the relative positions of the orbital planes would be prohibitive. It
would be simpler and cheaper to keep all spacecraft at the same inclination in order to
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ensure that they are drifting at the same rate. The other recommendation is that higher
inclined orbits have better qualities suited for the constellation requirements. The higher
inclination orbits vary less due to perturbations and have greater global coverage
percentage. The only reason to introduce a low inclination orbit would be to enhance the
equatorial coverage. This could be done by placing satellites in an equatorial orbit where
there is no RAAN drift rate, but their limited viewing regions might make them
unjustified. The inclination trade results, in general, focus the constellation design
process on higher inclination orbit planes.

RAAN Analysis
It was discovered during the single orbit trades that the initial value of the RAAN
can have a significant effect on the orbital elements. This trait, which is not seen for Earth
orbits, is likely due to the unique properties of the lunar gravity field. It is necessary to
determine the characteristics of the effect of initial RAAN on orbit evolution. Polar orbits
are propagated using the single orbit trades propagator with various initial RAAN values.
The values of the initial RAAN are as follows: 45, 90, 135, and 180 degrees. All orbits
were propagated for a month starting on July 1, 2005. The main concern for this analysis
is to determine the changes seen in the orbital elements due to the varying initial RAAN.
Since the third body effects are not being used, this study shows motion that is due solely
to the lunar gravity field.
The first orbital element analyzed is the inclination. The plot of the inclination
over the month long period for the four different initial RAAN values is shown in Figure
25. There is a periodic motion but no secular change in the orbital element. All four
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spacecraft have the same contour of periodic motion except that each spacecraft starts at a
different point in the motion. This is linked to the particular part of the lunar surface that
is under the spacecraft at the initial point. This orbit is somewhat predictable; there are
times in which the maximum positive change corresponds with a maximum negative
change to give the greatest relative difference between planes.

Figure 25 - Initial RAAN Effect on the Inclination of a Polar Orbit
Unlike the inclination, the changes in eccentricity of the four different RAAN
values are not particularly similar. The plot of the eccentricity is shown in Figure 26.
There are similarities in a couple of the spacecraft, but none of the spacecraft exhibit the
same periodic motion. Three out of the four RAAN cases have one high peak in
eccentricity with two smaller peaks either before or after. The fourth orbit seems to have
just a constant periodic motion. One thing also to notice about the motion is that all of the
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orbits return to a point during the orbit in which the eccentricity is very near zero. In
general though, there are no major short term variations in eccentricity.

Figure 26 - Initial RAAN Effect on the Eccentricity of a Polar Orbit
The effect of the initial RAAN on the RAAN drift itself was also analyzed. Figure
27 is the plot of the RAAN for each spacecraft during the month long propagation. The
results show that there is no major variation in the RAAN for the four different orbital
planes. However, a closer look is needed. To further analyze the RAAN drift, the change
in RAAN relative to the original RAAN is analyzed and is shown in Figure 28. It can be
seen that none of the orbital planes drift more than one degree during the month and that
the maximum relative change in orbital planes is also less than one degree. However, the
spacecraft with RAAN values of 135 and 180 degrees have negative precessions
(regression) while the spacecraft with a RAAN of 45 degrees has a positive precession.
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The last spacecraft, a RAAN of 90 degrees, has almost no relative change after one
month. This analysis shows that the RAAN drift is different depending on the initial
RAAN. And, most significantly, the drift can vary in direction (precession or regression)
depending on the initial value.

Figure 27 - Initial RAAN Effect on the RAAN of a Polar Orbit
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Figure 28 - Initial RAAN Effect on RAAN Drift of Polar Orbit
This RAAN analysis demonstrates that constellation designers need to consider
the initial RAAN when designing a lunar constellation. The initial RAAN causes
variations in inclination, eccentricity, and RAAN. Even though two spacecraft might be
at the same inclination and eccentricity, the spacecraft’s RAAN can have small effects on
the orbital plane precession and on other orbital elements. These variations seem small,
but the variations still need to be accounted for in the constellation design process, as
negative effects accumulate over the lifetime of a constellation.

CHAPTER V
SPECIALTY ORBIT TRADES
With the single orbit trades accomplished, specialty orbits are evaluated for
possible inclusion in the constellation. The reason specialty orbits are analyzed
independently from the single orbits trades is that specialty orbits, as the name implies,
usually have distinctive characteristics. For this particular constellation design, three
specialty orbits are analyzed to determine their suitability. The three specialty orbits are a
sun-synchronous orbit and two different frozen orbits. The sun-synchronous orbit is
considered for its potential constant lighting conditions and reduction of requirements on
the attitude control system. The frozen orbits are considered due to the possibility of
having some orbital elements remain essentially constant, which reduces the need for
stationkeeping. Similar to the single orbit trades, the goal of the specialty orbit study is to
find orbits that will provide adequate coverage while minimizing stationkeeping costs.

Sun-Synchronous Orbit
Information on lunar sun-synchronous orbits was found in the literature which
asserts that such orbits are not feasible. Park and Junkins calculated the required
inclination for a lunar sun-synchronous orbit to be 144.8 degrees. This retrograde orbit
will produce a ground track that covers a region from 35.2 degrees N latitude to 35.2
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degrees S latitude and, as such, is not appropriate for global coverage constellation. To
verify the inappropriateness of this orbit, the coverage by latitude plot of a spacecraft at
this inclination was calculated and is shown in Figure 29. This plot shows that the
spacecraft cannot observe any areas with latitudes greater than 70 degrees even with the
entire field of view assumed for this study. Since the inclination limitation of a sunsynchronous orbit does not allow polar coverage, the use of the sun-synchronous orbit
was eliminated from further consideration.

Figure 29 - Sun-Synchronous Coverage by Latitude Plot

Frozen Orbit – Park & Junkins, 101.5 degrees
The second specialty orbit analyzed is a frozen orbit developed by Park and
Junkins. This orbit is frozen in the sense that the secular evolution of most orbital
elements is small over one month. The only elements exhibiting a secular change were
the RAAN and the argument of periapsis. The initial orbital elements of the frozen orbit
are as follows:
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semi-major axis (a): 1837.63 km (alt = 100 km)
eccentricity (e): 0.0013089
inclination (i): 101.5°
argument of periapsis (w): 90°
right ascension of ascending node (RAAN): 189°
The analysis of the frozen orbit has three main parts: 1) analyses of the original orbit to
verify the frozen characteristics, 2) adjustment of the altitude and eccentricity of the
frozen orbit to fit and simplify the constellation design, and 3) analyses of the effects of
the choice of initial RAAN on the evolution of the orbit.
The orbit is initially propagated using the original orbital elements to verify the
frozen characteristics. This must be done due to differences between the propagator used
by Park and Junkins and the propagator used in this analysis. The Park and Junkins
frozen orbit is propagated for two months using the single orbit trades propagator. The
frozen characteristics of the orbit are illustrated by the time evolution of inclination and
eccentricity. These are shown in Figure 30. Both the inclination and eccentricity have a
periodic motion and a slight secular rise, but the mean values are nearly constant. The
inclination oscillates around the desired inclination and stays within a degree for the
entire two months. The eccentricity has an initial secular increase in the first week but
settles for the rest of the two-month period. The eccentricity completes four periods of
motion with a maximum of 0.019 and a minimum of 0.004. Since the Park and Junkins
orbit does exhibit some frozen orbit characteristics, the orbit warranted further analysis at
the constellation altitude.
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Figure 30 - Park and Junkins Original Frozen Orbit, Inclination & Eccentricity
The Park and Junkins frozen orbit is analyzed at an altitude of 450 km to
determine whether or not increasing the altitude affects the frozen characteristics of the
orbit. A two month propagation is repeated using the same initial orbital elements with
the semi-major axis adjusted for the 450 km altitude. The inclination and eccentricity of
the modified frozen orbit are plotted in Figure 31. The increase in altitude decreases the
variation in both of the orbital elements. The inclination maintains the periodic variation
and the slight secular rise, but both variations decrease in magnitude. The maximum
variation in inclination is less than half of a degree and the secular rise is about a tenth of
degree for the two months. As for the eccentricity, there are still four periods of motion
but with a maximum of 0.009 and a minimum of 0.001. One thing to note is that 0.005 is
the minimum eccentricity at 100 km, but 0.005 is now the maximum for all but three
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peaks. This analysis shows that increasing the altitude from 100 km to 450 km maintains
the “frozen” nature of the orbit and actually improves it.

Figure 31 - Park and Junkins Modified Orbit, Inclination & Eccentricity
The final modification made to the frozen orbit is to circularize the orbit to
simplify the constellation design. Since the orbit is nearly circular, circularizing the orbit
should not affect the evolution of the orbit and will simplify the constellation design
process. The results of the circularization are shown in Figure 32. Circularizing the orbit
has no effect on the inclination, but the eccentricity of the orbit is shifted down by 0.001,
as expected. Since very little change is seen, circularizing the orbit for simplicity is
considered to be valid.
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Figure 32 - Park and Junkins Final Orbit, Inclination & Eccentricity
The final version of the frozen orbit has a slight secular increase in inclination.
The inclination increases one tenth of a degree during the two month period. The frozen
orbit also has a slight secular increase in eccentricity. The maximum value of eccentricity
is 0.008 during the timeframe.
The last step in analyzing the Park and Junkins frozen orbit is to perform the
RAAN analysis. This is the same analysis performed during the single orbit trades. Park
and Junkins frozen orbits with different initial RAAN values were propagated for two
months using the single orbit trades propagator. The values used are as follows: 0, 45, 90,
and 135 degrees. The evolution of the following orbital elements was analyzed:
inclination, eccentricity, altitude and the RAAN itself. The argument of perigee was not
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analyzed since the orbit is nearly circular and, therefore, argument of perigee is
undefined.
The analysis of the three orbital elements showed that only the precession of the
node was affected by the initial RAAN. The relative drift of the RAAN is calculated and
is shown in Figure 33. It is determined that the magnitude of the drift is a function of the
initial RAAN. The 0 degree plane drifts just over 8 degrees while the 135 degree plane
drifts about 6 degrees. This is only a two degree difference in two months but this
difference needs to be accounted for in the long term constellation design. The inclination
is shown in Figure 34. The inclinations of the four spacecraft have the same general
waveform with the difference being the phase of the motion. The maximum difference in
inclination in any of the four planes is only one degree and the secular change is small.
The evolution of eccentricity is shown in Figure 35. All four spacecraft have very
different variations in eccentricity, but the overall magnitude of maximum variation of
the four spacecraft over the two-month period is small. The relatively small variations in
inclination and eccentricity do not cause concern for the constellation designers. The last
orbital element analyzed is the apogee altitude and this is shown in Figure 36. The apogee
altitude of the four spacecraft varies from 450 km to 468 km. The change in each
spacecraft’s apogee altitude is similar to the change in each spacecraft’s eccentricity, as is
expected, since semi-major axis is nearly constant the altitude is a function of
eccentricity. This means that the variations in altitude are directly linked to the
eccentricity.
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Figure 33 - Park and Junkins RAAN Analysis, Relative RAAN Drift

Figure 34 - Park and Junkins RAAN Analysis, Inclination Evolution
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Figure 35 - Park and Junkins RAAN Analysis, Eccentricity Evolution

Figure 36 – Park and Junkins RAAN Analysis, Altitude Evolution
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Frozen Orbit - Elipe & Lara, 78.2 degrees
The final specialty orbit analyzed is another frozen orbit, similar to the orbit
developed by Park and Junkins. This orbit developed by Elipe and Lara, has an
inclination of 78.2 degrees. The initial orbital elements of the frozen orbit are as follows:
semi-major axis (a): 1759.2 km (alt = 20 km)
eccentricity (e): 0.000555
inclination (i): 78.26°
argument of periapsis (w): 270°
right ascension of ascending node (RAAN): 0°
Similar to the analysis of the previous frozen orbit, the analysis has three main parts: 1)
analyses of the original orbit to verify the frozen characteristics, 2) adjustment of the
altitude and eccentricity of the frozen orbit to fit and simplify the constellation design,
and 3) analyses of the effects of the choice of initial RAAN on the evolution of the orbit.
In each part, a two month propagation is used to analysis each orbit.
The orbit is initially propagated using the original orbital elements to verify the
frozen characteristics. This must be done due to differences between the propagator used
by Elipe and Lara and the propagator used in this analysis. The frozen characteristics of
the orbit are shown by the evolution of inclination and eccentricity. This is shown in
Figure 37. Both the inclination and eccentricity have a periodic motion, but the two
orbital elements have very different secular variations. The inclination oscillates around
the desired inclination and stays within a degree for the entire two months. On the other
hand, the eccentricity has an initial secular increase. After the initial increase, the lower
limits increase while the peak values stay constant. Since the Elipe and Lara orbit does
exhibit some frozen orbit characteristics, the orbit warranted further analysis at the
constellation altitude.
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Figure 37 – Elipe and Lara Original Frozen Orbit, Inclination and Eccentricity
After examining the frozen characteristics of the original orbital elements, the
orbit was circularized and then raised to an altitude of 450 km. The results of the
inclination and eccentricity are shown in Figure 38. The inclination has a secular increase
of one tenth of a degree after two months. The eccentricity has no distinguishable secular
effect and the maximum eccentricity during the two month period is 0.009. Raising the
altitude of the orbit maintains the frozen characteristics and actually helps decrease the
overall perturbations.
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Figure 38 – Elipe and Lara Final Frozen Orbit, Inclination and Eccentricity
Before analyzing the effects of the RAAN, the semi-major axis must be analyzed
to verify the applicability of this frozen orbit. The plot of the semi-major axis for the two
month period is shown in Figure 39. This plot shows that the semi-major axis is nearly
constant throughout the time period and that there is no increase or decrease due to
secular effects. The semi-major axis stays within one kilometer of the initial value for the
entire time period.
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Figure 39 – Elipe and Lara Final Frozen Orbit, Semi-major Axis Evolution
The last step in analyzing the Elipe and Lara frozen orbit is to perform the RAAN
analysis. The same procedure was followed as in the RAAN analysis for Park and
Junkins frozen orbit. The only difference in the analysis is in the values of the initial
RAAN. The following initial RAAN are analyzed: 180, 225, 270, and 315 degrees. The
reason for the change in the initial RAAN is due to the clarity of the plots. The evolution
of the following orbital elements is analyzed: inclination, eccentricity, semi-major axis,
and the RAAN itself. The argument of perigee is not analyzed since the orbit is nearly
circular and, therefore, argument of perigee is undefined.
The analysis of the four orbital elements once again illustrates that the choice of
initial RAAN has significant effect only on the precession of the node itself. The relative
drift between planes is shown in Figure 40. This plot shows that the drift varies between 6 degrees and -9 degrees depending on the initial RAAN. The other orbital elements
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display slight variations depending on the initial RAAN, but there are no differences that
are significant to constellation design. The inclination is shown in Figure 41. Each orbital
plane has the same motion in inclination but the phase of the motion depends on the
initial RAAN. The maximum difference in inclination between the orbital planes is less
than one degree, so this difference is considered to be negligible. The eccentricity is
shown in Figure 42. The initial RAAN of 225 has the largest perturbation in eccentricity,
but the difference between planes is very small. The semi-major axis is shown in Figure
43. All of the planes stay within one kilometer of each other so the evolution of the semimajor axis is acceptable.
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Figure 40 – Elipe and Lara RAAN Analysis, RAAN Drift

60

Figure 41 – Elipe and Lara RAAN Analysis, Inclination

Figure 42 - Elipe and Lara RAAN Analysis, Eccentricity
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Figure 43 - Elipe and Lara RAAN Analysis, Semi-major Axis

CHAPTER VI
CONSTELLATION TRADES
The constellation trade study uses combinations of the single orbits previously
studied to analyze the lunar surface coverage of candidate constellation patterns and
configurations. From the single orbit trades and specialty orbit analyses, two different
orbits are carried over into the constellation trades: a polar orbit and the Park and Junkins
frozen orbit. There was no distinguishable difference between the two frozen orbits
analyzed except for the difference in inclination. The Park and Junkins frozen orbit (i =
101.5 degrees) covers an additional three tenths of degrees compared to the Elipe and
Lara frozen orbit (i = 78.2 degrees), but the difference in coverage is not noticeable.
Since the two orbits are very similar when comparing orbit perturbations and coverage,
only the Park and Junkins frozen orbit will be carried over to the constellation trades.
The two orbit types lead to two common constellations patterns which are
applicable to providing acceptable lunar surface coverage. Both types of constellations
are illustrated in Figure 44. The first type of constellation is the symmetric Walker
constellation. The orbital planes of a Walker constellation are all at the same inclination
and the nodes of a Walker constellation are spaced evenly around the 360 degrees of the
equator. The other constellation pattern, called Streets of Coverage, is a Walker
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constellation with all orbital planes at a polar inclination. Since the planes are polar, the
ascending nodes of a Streets of Coverage constellation are spaced evenly, 180 degrees,
around the equator. The reason for spacing the Streets of Coverage within 180 degrees is
that the descending sides of the orbital planes cover the other half of the equator.

Figure 44 - Walker and Streets of Coverage Constellations
The two constellation patterns have many similarities. The first similarity is the
notation used to label the constellations. The following notation is used:
i:S/P/F
where i is the inclination, S is the total number of satellites in the constellation, P is the
total number of planes, and F is the relative spacing between satellites in adjacent planes.
The first three parameters are intuitive, but the relationship between the satellite spacing
and F is complicated. F is used to calculate the phase difference between adjacent planes
and is an integer between 0 and (P-1). The formula for the phase difference is as follows:

Δφ = F

360
S

(Equation 3)
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The phase difference means that, if a satellite is at its ascending node, the next most
easterly satellite will be the phase difference past the node. All the parameters of the
satellites within the constellation can be derived from this notation. Another similarity
between the two constellations is that they are both considered to be very efficient. The
efficiency of the two patterns is due to the even spacing of the orbital planes and the
spacing of the satellites within each plane. The last major similarity between the two
patterns is that both may be configured in many ways. All the potential configurations
enable designers to perform a thorough, systematic study without possibly missing a
more efficient configuration.
The major difference between the two patterns is in the inclination, and thus, the
coverage. The Streets of Coverage pattern provides excellent polar coverage since the
common nodes for all of the planes are at the poles. This means that each satellite within
the constellation must cover each pole once per orbit. The equatorial coverage for the
Streets of Coverage can be limited due to the high inclination of the orbit. For Walker
patterns, the coverage region depends on the inclination of the constellation. As the
inclination decreases, the equatorial coverage increases but the polar coverage decreases.
Since global coverage is the focus of this study, the goal of a Walker constellation is to
find an inclination in which both polar and equatorial coverage is maximized.
Coverage figures of merit are used to evaluate the quality of coverage. Choosing
the appropriate figures of merit is just as important as the overall analysis. There are a
number of different statistics that can be chosen to evaluate coverage and some can be
misleading. First of all, there is not one figure of merit that is considered to be the best.
Designers must use a combination of the potential figures to accurately evaluate the
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constellation. As recommended by Wertz, the three figures of merit used in evaluating
coverage for this study are mean response time, average percent coverage, and maximum
coverage gap. The mean response time is the average time needed to cover a given
surface point from the time of a random observation request. The average percent
coverage is the average of each surface point’s time percentage of coverage. This is
calculated as the number of time steps that a ground point is visible by a satellite divided
by the total number of simulation time steps. The maximum gap is the longest gap of
satellite coverage for an individual point during the simulation. These three figures of
merit will be weighted qualitatively, in the given order, to evaluate the quality of
coverage of constellation designs.

Streets of Coverage Constellations

The first constellations analyzed are satellites in polar orbits arranged in the
Streets of Coverage pattern. Constellations with a total number of satellites between eight
and twenty-one were created and the coverage for each constellation was evaluated using
the figures of merit. For each total number of satellites (8, 9, 10, 12, … , 21), all
combinations of the configuration pattern are analyzed to ensure thorough analysis. Eight
satellites are set as the lower bound because constellations with less than eight satellites
do not provide adequate coverage. Twenty-one satellites is the upper bound because the
Streets of Coverage pattern provides continuous global coverage, so additional satellites
can not improve the figures of merit. For example, the following constellation
configurations with a total number of eight satellites were analyzed: 8/4/1, 8/4/2, 8/4/3,
and 8/2/1. The coverage for each constellation is computed for the time span of one day.
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The results of the best constellation found for each total number of satellites are
shown in Table 3. The analysis stopped at twenty-one satellites since it was found that
this number of satellites provides continuous global coverage. As one might imagine, the
percent coverage increases and the mean response time decreases for each increase in
total number of satellites. In general, the maximum gap also decreases for each increase
in satellite number. The results show that to have less than one minute response time, the
Streets of Coverage pattern requires twelve satellites. The Streets of Coverage pattern
begins to provide global coverage with eighteen satellites, but needs twenty-one satellites
to provide continuous global coverage.
Table 3 - Streets of Coverage Results
8/4/2
9/3/1
10/5/3
12/3/2
14/7/3
15/3/1
16/4/2
18/3/2
20/4/3
21/3/1

Mean Response (s) Ave. % Coverage Max. Gap (s) % Total Global Coverage
229
66.9
2772
140
73.3
1788
102
79.7
2687
28
87.5
896
22
90
1329
1
98.4
413
7
96.3
646
0
99.9
263
88.7
0
99.9
168
78.9
0
100
0
100

One conclusion that can be drawn from the Streets of Coverage results is that the
number of satellites per plane has a greater effect on coverage than the total number of
planes. This can be concluded from the two configurations (14/7/3 and 16/4/2) that have
a larger maximum gap than the previous configuration with fewer satellites. The
configuration with fourteen satellites has a longer gap time than the configuration with
twelve satellites and the same is true when comparing the sixteen satellite configuration
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with the fifteen satellite configuration. The reason for this longer maximum gap is due to
the fact that the 14/7/3 and the 16/4/2 configurations have less satellites per plane than
the other two configurations. For example, the 14/7/3 has two satellites per plane while
the 12/3/2 has four satellites per plane. This shows that the number of satellites per plane
has a larger effect on coverage than the total number of planes. Therefore, when
considering adding additional satellites, a designer should remember that it may be more
beneficial to add satellites to the existing planes rather than creating new planes.

Walker Constellations

The next step in the constellation trades is to analyze Walker constellations at the
frozen orbit inclination (101.5 degrees). Similar to the Streets of Coverage analysis,
constellations with a total number of satellites between nine and twenty-four were created
and the coverage for each constellation was evaluated using the figures of merit. Nine
satellites are set as the lower bound due to the poor coverage with less than nine
satellites. Twenty-four satellites is the upper bound because the Walker pattern provides
continuous global coverage with twenty-four satellites, so additional satellites can not
improve the figures of merit. All possible configurations are analyzed for each total
number of satellites.
The results of the Walker constellation analysis are shown in Table 4. The mean
response time of the configurations, as expected, decreases as the total number of
satellites increases. In general, the three figures of merit display the expected trends. The
configurations’ mean response time and maximum gap decrease as the total number of
satellites increase. Similar to the Street of Coverage, the Walker pattern requires twelve
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satellites to have less than one minute response time. The percent coverage of the
configurations also increases as the number of satellites increase. All three figures of
merit have either one or two configurations in which the noted trends are not true. The
16/4/2 configuration is the exception for the mean response time and the percent
coverage while the 10/5/3 and 14/7/3 configurations are the exception for the maximum
gap. These exceptions are not surprising since surface coverage is not a linear quantity
and there will be variations between results.
Table 4 - Walker Results (* = 180 degree planar spacing)
9/3/2
10/5/3
12/3/1
14/7/3
15/3/1
16/4/2*
18/3/2
20/4/3*
24/6/1

Mean Response (s) Ave. % Coverage Max. Gap (s) % Total Global Coverage
167
70.3
1865
155
76.9
2932
36
85.9
1216
19
92.2
1345
5
96.8
684
8
95.8
632
1
99.4
450
22.3
0
99.8
343
61.9
0
100
0
100

Constellation Comparison

To better understand the lunar surface coverage provided by the two constellation
patterns, the two patterns need to be compared side by side. The Streets of Coverage
constellations that provide the best coverage for each total number of satellites are
compared to the best Walker constellations. The constellation comparisons use the same
three coverage figures of merit: mean response time, percent coverage, and maximum
gap.
The mean response time for both constellation patterns is shown in Figure 45.
This plot shows that the Streets of Coverage generally has a smaller mean response time.
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At lower number of satellites, nine and ten, the difference in the mean response time
between the two patterns is significant. As the number of satellites increase, the
difference in the two patterns decreases and the differences are almost negligible at
fourteen satellites and greater. One thing to note about the two patterns is that going from
fifteen to sixteen satellites does not decrease the mean response time. In this case, the
mean response time actually increases slightly when adding a sixteenth satellite. The
reason for this increase is due to the decrease in the number of satellites per plane. Both
fifteen satellite configuration have five satellites per plane and the sixteen configurations
only have four satellites per plane. However, the mean response time decreases at all
other locations where a satellite is added to the constellation configuration and the Streets
of Coverage provides better coverage when considering the mean response time. Another
thing to note is the significant drop in response time when comparing the mean response
time of nine and ten satellites to twelve satellites. Adding two extra satellites decreases
the mean response time by two thirds.
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Figure 45 - Mean Response Time
The next figure of merit is the percent coverage which is shown in Figure 46. The
plot shows that there is not a significant difference between the patterns and one pattern
cannot be said to be more efficient than the other. The Streets of Coverage has higher
percent coverage between nine and twelve total satellites but the Walker pattern has a
better coverage at eight and fourteen satellites. The Streets of Coverage has a better
percent coverage at fifteen satellites and greater, but this difference is less than one
percent. Similar to the mean response time, the percent coverage decreases when going
from fifteen to sixteen satellites. When analyzing percent coverage, one constellation
pattern is not significantly better than the other.
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Figure 46 – Comparison of Percent Coverage
Similar to the mean response time, when considering the maximum gap, the
Streets of Coverage patterns is more efficient. The maximum gap for the two patterns is
shown in Figure 47. For all numbers of satellites, except for sixteen, the Streets of
Coverage configurations have a smaller maximum gap than the Walker configurations.
Depending on the number of satellites, the difference in the maximum gap between
patterns can be anywhere from near zero to several hundred seconds. One thing to notice
about the maximum gap for both patterns is that there are two configurations when
increasing the number of satellites does not decrease the maximum gap. This occurs
when going from nine to ten satellites and from fifteen to sixteen. On average, nine
satellites provide one thousand seconds less in maximum gap. As with the other two
figures of merit, increasing from fifteen to sixteen satellites has either no effect or
actually increases the maximum gap. The analysis of the mean response time shows that
the Streets of Coverage provides better coverage for this figure of merit.
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Figure 47 – Comparison Maximum Gap
The comparison of the two patterns leads to two conclusions. The first conclusion
is that, overall, the Streets of Coverage provides the best coverage of the two patterns
analyzed. The Streets of Coverage provides better coverage when comparing the mean
response time and maximum gap. As for the percent coverage, the pattern that provides
the best coverage depends on the total number of satellites in the constellation. Since the
first and third figures of merit are dominated by the Streets of Coverage pattern and the
second figure is considered to be equal, the Streets of Coverage patterns is considered to
be the most effective pattern for this study. The second conclusion is that further analysis
should not consider constellations with sixteen satellites. In all three figures of merit,
increasing the satellites from fifteen to sixteen satellites either does not improve the
coverage or decreases the coverage. The same trend occurs with the Walker constellation
and occurs due to the drop from five to four satellites per plane. Since the coverage does
not improve, sixteen satellite configurations can be eliminated.
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Constellations with Equatorial Orbits

Since both constellation patterns have weaknesses in equatorial coverage, adding
equatorial orbits to the constellations could potentially improve the overall coverage.
Low inclination planes are not considered for this analysis due to the greater RAAN rates
previously discussed. Conversely, equatorial orbit planes, for which RAAN is undefined,
do not precess at all. To analyze the constellations with the equatorial satellites, the
results from the best configurations of the Walker and Streets of Coverage patterns are
studied to determine which configurations might benefit the most from the additional
equatorial satellites. Equatorial satellites varying in number from one to five were added
to each configuration and the new coverage figures of merit are computed.
The analysis of the Streets of Coverage patterns concluded that five out of the ten
possible configurations should be reanalyzed: 8/4/2, 9/3/1, 12/3/2, 15/3/1, and 18/3/2.
The configuration with ten satellites is not analyzed due to the much larger maximum gap
when compared to the configuration with nine satellites. The configuration with fourteen
satellites is also not analyzed due to the increase in maximum gap time and only a slight
increase in percent coverage when compared to the twelve satellite configuration. The
sixteen satellite configuration also has an increase in the maximum gap and a decrease in
percent coverage when compared to the fifteen satellite configuration. The last two
configurations, twenty and twenty-one satellites, are not analyzed since twenty-one
satellites provide continuous global coverage and the results of adding an extra satellite to
the twenty satellite configuration is already known. The results of the complete analysis
are shown in Table 5. For each total number of satellites, the results of the configuration
with the best coverage figures of merit are shown in Table 6.
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Table 5 - Streets of Coverage Constellations with Equatorial Orbits
8/4/2
8/4/2
8/4/2
8/4/2
8/4/2
8/4/2
9/3/1
9/3/1
9/3/1
9/3/1
9/3/1
12/3/2
12/3/2
12/3/2
12/3/2
12/3/2
12/3/2
15/3/1
15/3/1
15/3/1
15/3/1
15/3/1
15/3/1
18/3/2
18/3/2
18/3/2

# of Equatorial Total Mean Response (s) Ave. % Coverage Max. Gap (s)
0
8
229
66.9
2772
1
9
182
71.2
2772
2
10
136
75.4
2772
3
11
91
79.8
2772
4
12
63
84
2772
5
13
49
88.3
2772
0
9
140
73.3
1788
2
11
89
80.7
1581
3
12
51
86.6
1359
4
13
40
88.1
1304
5
14
30
91.7
1304
0
12
28
87.5
896
1
13
23
89.6
896
2
14
18
91.4
896
3
15
13
93.3
894
4
16
8
95.3
894
5
17
5
97.1
645
0
15
1
98.4
413
1
16
1
98.7
411
2
17
1
99
411
3
18
1
99.3
411
4
19
0
99.6
377
5
20
0
94.9
210
0
18
0
99.9
263
1
19
0
99.9
263
2
20
0
99.9
261

Table 6 – Streets of Coverage Constellations Best Results
Total Sats. Configuration Equatorial Mean Response (s) Ave. % Coverage Max. Gap (s)
8
8/4/2
0
229
66.9
2772
9
9/3/1
0
140
73.3
1788
10
8/4/2
2
136
75.4
2772
11
9/3/1
2
89
80.7
1581
12
12/3/2
0
28
87.5
896
13
12/3/2
1
23
89.6
896
14
12/3/2
2
18
91.4
896
15
15/3/1
0
1
98.4
413
16
15/3/1
1
1
98.7
411
17
15/3/1
2
1
99
411
18
18/3/2
0
0
99.9
263
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It is determined that four out of the nine Walker constellations should be
reanalyzed with equatorial satellites added: 9/3/2, 12/3/1, 15/3/1, and 18/3/2. The ten
satellite configuration is not analyzed due to the much higher maximum gap time of the
nine satellite configuration. The fourteen satellite configuration is also not analyzed
because the maximum gap time and the relative increase in percent coverage when
compared to the twelve and fifteen configurations. The sixteen satellite configuration
actually has a drop in coverage compared to the fifteen satellite configuration so this
configuration does not need to be analyzed. The last two configurations, twenty and
twenty-four, are not analyzed since twenty-four provides global coverage and the gaps in
twenty are not covered by an equatorial orbit. The results of the complete analysis are
shown in Table 7. For each total number of satellites, the results of the configuration with
the best coverage figures of merit are shown in Table 8.
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Table 7 - Walker Constellations with Equatorial Satellites
9/3/2
9/3/2
9/3/2
9/3/2
9/3/2
9/3/2
12/3/1
12/3/1
12/3/1
12/3/1
12/3/1
12/3/1
15/3/1
15/3/1
15/3/1
15/3/1
15/3/1
15/3/1
18/3/2
18/3/2
18/3/2

# of Equatorial Total Mean Response (s) Ave. % Coverage Max. Gap (s)
0
9
167
70.3
1865
1
10
138
74.1
1862
2
11
110
77.8
1810
3
12
81
81.7
1532
4
13
58
85.4
1532
5
14
47
89
1532
0
12
36
85.9
1216
1
13
30
88.1
1216
2
14
23
90
1215
3
15
17
92.3
1215
4
16
11
94.5
888
5
17
6
96.5
814
0
15
5
96.8
684
1
16
4
97.4
684
2
17
3
97.8
684
3
18
3
98.3
683
4
19
2
98.8
684
5
20
1
99.5
392
0
18
1
99.4
450
1
19
0
99.5
450
2
20
0
99.6
450

Table 8 - Walker Constellations Best Results
Total Sats. Configuration Equatorial Mean Response (s) Ave. % Coverage Max. Gap (s)
9
9/3/2
0
167
70.3
1865
10
10/5/3
0
155
76.9
2932
11
9/3/2
2
110
77.8
1810
12
12/3/1
0
36
85.9
1216
13
12/3/1
1
30
88.1
1216
14
14/7/3
0
19
92.2
1345
15
15/3/1
0
5
96.8
684
16
15/3/1
1
4
97.4
684
17
15/3/1
2
3
97.8
684
18
18/3/2
0
1
99.4
450
19
18/3/2
1
0
99.5
450
20
20/4/3*
0
0
99.8
343

The results of the two patterns show that the configurations that provide the best
results are the configurations with the least amount of the equatorial satellites. For
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example, the best configuration using the Streets of Coverage pattern for a total number
of fifteen satellites is the 15/3/1 configuration, not the 12/3/2 configuration with an
additional three satellites in equatorial orbit. This trend holds true for all total number of
satellites considered. In addition to this trend, the results show that the best coverage for a
certain number of satellites is provided by the nearest configuration plus however many
additional equatorial satellites. An example of this is that using the Walker pattern, the
12/3/1 configuration with one equatorial satellite (13 satellites total) provides better
coverage than the 9/3/2 configuration with four equatorial satellites.
The results also show that adding additional equatorial satellites increases the
percent coverage and decreases the response time, but the extra satellite does not
guarantee a reduction in the maximum gap of the configuration. In the results from both
patterns, the maximum gap rarely decreases when equatorial satellites are added. The
reduction in the maximum gap occurs when the total number of satellites has reached a
value in which a more efficient configuration can be used. The reason for this problem is
that the location of the maximum gap is in a region that is not covered by an equatorial
orbit. This location will be revisited once the Moon has rotated enough so that one of the
inclined orbits can provide coverage.
Comparing the three figures merit between the two constellation patterns, the
Streets of Coverage pattern still provides better lunar surface coverage with the addition
of the equatorial orbits. The comparison of the mean response time (Figure 48), percent
coverage (Figure 49), and maximum gap (Figure 50) show the Streets of Coverage
pattern gives better results in at least two of the three figures of merit. The only figure of
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merit in which the Streets of Coverage does not have the best result is the overall percent
coverage and this occurs for only two configurations.
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Figure 48 - Average Response Time with Equatorial Orbits

100

Percent Coverage

95
90
85

Streets of
Coverage

80

Walker

75
70
9

10

11

12

13

14

15

16

# of Satellites

Figure 49 - Percent Coverage with Equatorial Orbits
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Figure 50 - Maximum Gap with Equatorial Orbits
The additional of equatorial orbits has only a small effect on the overall coverage
on the different patterns. The additional satellites are only beneficial when a new
configuration cannot be used for the higher number of satellites in the constellation. The
additional satellites do improve the coverage of Walker constellations, but the
improvement is not significant enough to be more efficient coverage than the Streets of
Coverage pattern.

CHAPTER VII
LONG TERM COVERAGE & STATIONKEEPING
The last step in the constellation trades is to quantify the cost of stationkeeping, if
needed, for a Streets of Coverage constellation. The stationkeeping must be analyzed due
to the significant cost that is associated with maintaining the orbits of the individual
satellites. The configuration with a total of twelve satellites is analyzed due to the figures
of merit results. The twelve satellite configuration has an appropriate balance between
coverage and total number of satellites. The coverage of constellations with less than
twelve satellites is much less than the coverage provided by twelve satellites and
increasing the number of satellites beyond twelve only slightly improves the overall
coverage. The purpose of this analysis is to determine how much stationkeeping is
needed to maintain the original coverage.
There are two different strategies for stationkeeping: absolute and relative.
Absolute stationkeeping keeps the satellite within a defined box relative to a reference
frame while relative stationkeeping controls the position of satellites only relative to the
other satellites. Even though the coverage of a constellation is based on the relative
positions of the satellites, absolute stationkeeping is generally more efficient, when
designing low-Earth constellations. This seems counter-intuitive, but the reason for this
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is due to the need to constantly raise the satellites’ altitude to counter atmospheric drag.
Since altitude maintenance is not required for a spacecraft orbiting the Moon, due to the
lack of atmosphere, the relative stationkeeping approach will be used for this study.
Using the relative stationkeeping approach, the stationkeeping is divided into two
categories, in-track and cross-track stationkeeping. In-track stationkeeping is concerned
with maintaining the “in-plane” parameters of a satellites orbit. These “in-plane”
parameters are true anomaly, or argument of latitude, and the semi-major axis. Since
there are no concerns with the degradation of the semi-major axis, the primary in-track
stationkeeping concern is the relative angular spacing between satellites. Cross-track
stationkeeping controls the orientation of the orbital plane, such as the inclination and the
right ascension of the ascending node. Typically the cross-track stationkeeping is more of
a concern than the in-track stationkeeping since non-planar maneuvers require more
propellant. Before analyzing each type of stationkeeping, the need for stationkeeping
must be determined.

Long Term Coverage

The stationkeeping cost of the Streets of Coverage pattern, 12/3/2, is computed
using a combination of STK and hand calculations. This configuration has twelve
satellites in three planes with RAAN values (ascending nodes) at 0, 60, and 120 degrees.
The constellation is propagated for three years using the perturbations from the 10
degree/order LP165P lunar gravity field model and the third body effects of the Sun and
Earth. At the end of the propagation, the lunar surface coverage is computed using the
coverage figures of merit. The coverage calculated uses only the final location of the
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three orbital planes and does not include effects on the inter-plane spacing of satellites.
The final coverage, along with the initial coverage, is shown in Table 9. After three years,
the final coverage has significantly decreased and, therefore, orbit maintenance is
required to retain the original coverage.
Table 9 –Coverage After 3 years for Streets of Coverage Constellation
Original
Final

RAAN (deg) Mean Response (s) Ave. % Coverage Max. Gap (s)
0, 60, 120
28
87.5
896
20, 55, 98
3659
80.5
166645

The orbital elements of the satellites are analyzed and the results show that the
cause of the decrease in coverage is due to the relative spacing between orbital planes.
The following orbital elements are analyzed: inclination, eccentricity, semi-major axis,
and RAAN. The orbital elements for each plane are analyzed but only the results of the
worst-case condition are shown in this analysis. The inclination of a satellite in the first
plane is shown in Figure 51. This plot shows that the inclination has a secular increase
but ultimately stays within one degree of a perfect polar orbit during the time period. The
variation in inclination for the other two planes is less than the first plane, so there is no
need to adjust the inclination of the satellites in the constellation.
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Figure 51 - Long Term Effects on Inclination
The eccentricity of a satellite with an initial RAAN of 0 degrees is shown in
Figure 52. The first plane has the largest variation in eccentricity. This plot shows that the
satellite has a maximum eccentricity, during the entire three years, of only 0.0063. This is
a very small disturbance in eccentricity when considering the time period. Due to the
small changes in eccentricity, maintaining the near circular orbit is negligible compared
to the out of plane maintenance. For this reason, the long-term effects of eccentricity are
no longer considered in this study.
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Figure 52 - Long Term Effects on Eccentricity
The third orbital element analyzed for long-term perturbation is the semi-major
axis. The semi-major axis of a satellite with an initial RAAN of 0 degrees is selected for
the same reasons as the inclination and eccentricity analyses. The long-term effects on the
semi-major axis are shown in Figure 53. This plot shows the change in the semi-major
axis is never greater than eleven hundred meters in magnitude. Similar to the previous
two orbital elements, stationkeeping to adjust the semi-major axis is not needed due to
the small variations. The long-term perturbation in the semi-major axis is negligible and
does not need to be calculated in the cost of maintenance.
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Figure 53 - Long Term Effects on Semi-major Axis
The last orbital element analyzed for long-term effects is the RAAN. The RAAN
of each of the three satellites is shown in Figure 54. This plot shows that the RAAN of
the first plane increases 20 degrees, the second plane decreases 5 degrees, and the third
plane decreases 22 degrees. Therefore, instead of having the sixty degree spacing
between planes in the original design, the first and second planes have a spacing of thirtyfive degrees at the end of three years. The plane spacing is the reason for the large
increase in response time and maximum gap. It is apparent the initial constellation
configuration must be redesigned to reduce the change in the phasing of the planes or the
cost of maintaining the plane phasing will be very expensive.
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Figure 54 - Original RAAN Phasing for 3 Years

Cross-Track Stationkeeping

In an attempt to reduce the stationkeeping cost of maintaining the proper plane
separation, the constellation configuration is modified to minimize the relative plane
movement. The orbital planes of the original configuration are adjusted so the three
planes are now rotating in the same direction. As mentioned before, the first plane is
rotating opposite of the other two planes. It has already been shown that a lunar polar
orbit plane with an initial RAAN of 0 degrees will rotate with the same magnitude, but in
the opposite direction, of the same plane with a RAAN of 180 degrees. Instead of having
the configuration with RAAN values of 0, 60 and 120 degrees, the configuration was
shifted 60 degrees around the equator so that the modified constellation has planes at
RAAN values of 60, 120, and 180 degrees. This shifting provides the same initial
coverage while enabling the planes to rotate in the same direction.
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The adjustment of the constellation’s planes has a significant effect on the longterm coverage. The long-term effects on the RAAN are shown in Figure 55. This plot
shows that all three planes are rotating in the same direction and that the planar phasing
difference is forty-three degrees instead of thirty-five degrees. The coverage with the new
initial orbital planes is shown in Table 10. The results show that the coverage still
decreases, but less dramatically than the final coverage of the original configuration. The
mean response time nearly doubles from twenty-eight seconds to forty-three, the percent
coverage decreases slightly, and the maximum gap almost triples. The decrease in
coverage means the constellation still needs maintenance but maintaining the
constellation is much more manageable due to the reduction in relative plane spacing.
The coverage of the modified constellation improves but orbit maintenance is still needed
in order to maintain the desired coverage figures of merit.

Figure 55 - Modified RAAN Phasing for 3 Years
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Table 10 - 3 year Coverage for Modified Streets of Coverage Constellation
Original
Final

RAAN (deg) Mean Response (s) Ave. % Coverage Max. Gap (s)
60, 120, 180
28
87.6
989
55, 98, 160
43
86.4
2820

The coverage after one year is analyzed to see if stationkeeping is needed before
this timeframe. Using the previously propagated configuration, the coverage at one year
is computed and is shown in Table 11. The only noticeable difference in coverage is the
increase in the maximum gap. The other two figures of merit, mean response time and
percent coverage, decrease slightly. For this study, the change in the figures of merit after
one year are acceptable but further deviation in the coverage is not acceptable. In order to
improve the coverage, orbit maintenance is needed after the first year of service.
Table 11 - 1 year Coverage of Modified Streets of Coverage Constellation
Original
Final

RAAN (deg) Mean Response (s) Ave. % Coverage Max. Gap (s)
60, 120, 180
28
87.6
989
59, 114, 172
30
87.5
1271

The cost of the realigning the constellation after one year is calculated in order to
get an idea of lifetime cost of stationkeeping. The most efficient method in aligning the
planes is to use the plane with the median precession as the reference plane. The other
two planes will be aligned according to this reference plane. The change in the RAAN of
the three planes is shown in Table 12 along with the needed change in velocity to realign
the planes. Since the second plane has the median change, this plane is the reference
plane for the constellation maintenance. The first and third planes are then adjusted five
degrees and two degrees, respectively, so that the planes return to a spacing of sixty
degrees. The change in velocity needed to rotate the planes for two different types of
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maneuvers are calculated. The first maneuver is one burn that changes just the RAAN.
The second maneuver is also one burn but changes both the inclination and the RAAN.
Even though the previous results show that there is little change in the inclination of the
orbital planes, slight changes to the inclination will be needed eventually and adding this
burn to the RAAN burn is relatively inexpensive. All the changes in velocity were
calculated using the standard impulsive velocity change equations. Adjusting for both the
RAAN and inclination assumes a one degree change in inclination.
Table 12 - Change in RAAN After 1 Year
ΔRAAN (deg)
ΔV - RAAN only (m/s)
ΔV - RAAN & i (m/s)

RAAN = 60° Plane RAAN = 120° Plane RAAN = 60° Plane
-1
-6
-8
131
0
52
133
0
58

The results of the cross-track stationkeeping shows the change in velocity needed
for relative stationkeeping is fairly inexpensive. The maximum change in velocity per
year for one satellite is only 131 m/s for the RAAN adjustment. It should be noticed that
adding a one degree inclination change only increases the needed change in velocity to
133 m/s. When adjusting the RAAN, designers should also adjust the inclination due to
the low additional cost. The total cost of cross-track maintenance for the entire
constellation per year is 764 m/s. This is only a top level view of the cost of cross-track
stationkeeping, and there may be more efficient ways to perform the stationkeeping, but
these results give designers an idea of the annual cross-track stationkeeping cost.
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In-Track Stationkeeping

The in-tracking stationkeeping is just as important to maintaining the coverage of
a constellation coverage as the cross-track stationkeeping, even though the overall cost of
in-track stationkeeping is usually much less. For in-track stationkeeping, the main
concern is maintaining the proper phasing between satellites in the same plane. Since the
satellites are in nearly circular orbits, the argument of latitude is used to determine the
phasing as true anomaly is ill-defined. The argument of latitude is defined as an angle
measured from ascending node to the current position in orbit plane.
The Streets of Coverage 12/3/2 configuration is propagated for a month to
determine the need for in-track stationkeeping and it is realized that the phasing of the
satellites could cause problems for designers. A plot of the phasing between satellites for
just one week is shown in Figure 56. The four curves represent the phase difference
between each of the four satellites and the next satellite following it. All of the phases
start at ninety degrees and all the phases end up at least twelve degrees out of phase after
one week. This is an enormous change in the phasing and would require almost
continuous burns to maintain the desired ninety degree spacing.
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Figure 56 – Original In-Track Phasing For 1 Week
Further research and contemplation of this problem lead to the conclusion that the
satellites must be at different altitudes. The evolution of the satellites’ semi-major axes
for one month for the first and second satellites is shown in Figure 57. This plot shows
that the two satellites have the same initial semi-major axis, but the mean semi-major axis
for the two satellites is not equal. The reason for this difference is due to the same trends
that were seen in the previous RAAN analyses. The initial condition is the same but,
depending on the location of the satellites, the satellite starts at a different phase in the
motion. The difference in the mean semi-major axes of the two spacecraft is 1.2 km. This
is a large enough difference to have a great effect on the satellite phasing. Basically, the
lower orbit and higher velocity of the satellite allows it to “catch up” with the first
satellite.
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Figure 57 – Original Semi-major Axis of First and Second In-Plane Satellites
The initial semi-major axes for the two satellites are adjusted so that both
satellites will have the same mean semi-major axis over time. The first satellite’s semimajor axis is increased by seven hundred meters and the second satellite’s is decreased by
five hundred meters. The results of the semi-major axis modifications are shown in
Figure 58. The results show that the satellites now have very similar mean semi-major
axis values. The next step is to check the phasing evolution of the two satellites to see if
the problem has been corrected. The phasing of the two satellites over a month is shown
in Figure 59. The results show that the phasing difference between the two satellites is
less than two degrees per month. This is a very small change compared to the initial
change of 15 degrees per week.
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Figure 59 - Modified In-Track Phasing for 1 Month
The cost of the in-track stationkeeping after one year is calculated in order to get
an idea of lifetime cost of stationkeeping. It was arbitrarily decided that in-track
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stationkeeping is needed on a monthly basis. The initial argument of latitude and the
argument of latitude after one month are shown in Table 13. After one month, the
phasing of the satellites are up to 23 degrees off depending on the satellite of reference.
The cost of realigning the configuration so that the satellites are evenly spaced is
calculated using the first satellite as the reference satellite. Labeling the first satellite as
the reference satellite means that the other three satellites will be adjusted to achieve the
proper phasing. The phase angle for the second, third, and fourth satellite is determined
and the change in velocity for each satellite is calculated using the circular coplanar
phasing (same orbits) equations. The change in velocity for each satellite is shown in
Table 14, along with the monthly and yearly cost of in-track stationkeeping for one plane
with four satellites. The change in velocity is calculated for both one and two phasing
revolutions. The phasing revolutions are the number of complete orbit revolutions until
the satellite is aligned in the correct position. Using two phasing revolutions instead of
one reduces the cost by one half. Additional phasing revolutions can be used to further
reduce the cost, but analysis of particular phasing correction trades is beyond the scope of
this study.
Table 13 - Initial and Final Argument of Latitude of 4 Satellites in 1 Plane
Satellite
Satellite
Satellite
Satellite

1
2
3
4

ui (deg)
0
90
180
270

uf (deg)
124
228
293
46
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Table 14 - In-Track Stationkeeping Cost for 1 Plane with 4 Satellites
ΔV1 (m/s)

k=1 k=2
0
0

ΔV2 (m/s)

35

18

ΔV3 (m/s)

31

16

ΔV4 (m/s)

32

16

Montly ΔVtotal (m/s)

98

50

Yearly ΔVtotal (m/s) 1176 600

The results of the in-track stationkeeping shows that the change in velocity
needed for in-track, relative stationkeeping is higher than the needs for cross-track
stationkeeping, but the total cost is still fairly inexpensive. One thing to note for the intrack maintenance is that the reference satellite for each burn would change to evenly
distribute the needed propellant among the entire constellation. The total cost of in-track
maintenance, assuming two phasing orbit revolutions, for the entire constellation is 1800
m/s. This is only a top level view of the cost of in-track stationkeeping, and there may be
more efficient methods to perform the stationkeeping. These results give designers a
rough order of magnitudes estimate of the annual in-track stationkeeping cost.

CHAPTER VIII
SUMMARY AND CONCLUSIONS
The first analyses of this study examined the properties of individual lunar orbits
in order to reduce the pool of possible orbits considered in constellation design. With a
maximum allowable orbit altitude of 450 km derived from sensor and image resolution
constraints, it was found that the orbits used in the constellation design should be placed
at this maximum altitude and highly inclined. Raising the satellites to the maximum
altitude increases the coverage area while decreasing the orbit perturbations. Both of
these factors contribute significantly to decreasing the overall cost of the constellation.
The need for highly inclined orbits is due to the lack of polar coverage provided by low
inclination orbits. It was also determined that satellites within the constellation should all
have the same inclination because of the unequal RAAN drift rates that result when
different inclinations are used. Unequal drifts rate of the nodes would lead to unequal
spacing of the orbit planes and thus a decrease in coverage of the constellation. This
would require a prohibitively high cross-track stationkeeping budget. Requiring the
satellites to be at the same inclination reduces the need for stationkeeping to reasonable
levels and, therefore, reduces the overall cost of the constellation. The only exception to
this restriction is the possible placement of additional satellites in equatorial orbits.
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From the analysis of specialty orbits several conclusions may be drawn. For a
sun-synchronous orbit, it was found that the inclination required to produce the sunsynchronous condition does not provide polar coverage and, therefore, this type of orbit
was eliminated from consideration for use in the constellations. Two different frozen
orbits were researched and the results of the two frozen orbits are similar to each other.
The first frozen orbit is at an inclination of 101.5 degrees and the second frozen orbit is at
an inclination of 78.2 degrees. Both orbits were analyzed in their initial design condition
to verify their frozen characteristics. The two orbits are considered to be “frozen” because
there is only a slight secular increase in the mean inclination and eccentricity. They were
then raised to an altitude of 450 km and circularized to see if the frozen characteristics
would be maintained. Both orbits maintained their frozen characteristics and the
perturbations of the orbit actually decreased due to the increase in altitude. When
comparing the perturbations of the two frozen orbits, one orbit did not perform better
than the other orbit. From a coverage perspective, both orbits provide global coverage,
but the 101.5 degrees frozen orbit covers an addition three tenths of a degree in each
hemisphere. This difference is negligible when considering coverage. Since the two
orbits are very similar when comparing orbit perturbations and coverage, only the 101.5
degree inclination frozen orbit was carried over to the constellation trades.
With the possibility of using a frozen orbit or a highly inclined orbit, a variety of
constellations were designed and analyzed using coverage figures of merit during the
constellation trades. The two most common constellation patterns, Walker and Streets of
Coverage, were used during these trades. The frozen orbits were used with the Walker
constellations and polar orbits were used in the Streets of Coverage constellations. In
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general, the results show that the Streets of Coverage constellations provide better
coverage than the Walker constellations. It was found that twenty-one satellites in the
Streets of Coverage pattern and twenty-four satellites in the Walker pattern provided
continuous global coverage. It can also be concluded from this analysis that as the total
number of satellites is increased to improve coverage, it is more beneficial to add
satellites to existing planes instead of creating new planes for the additional satellites.
In an attempt to improve coverage at lower latitudes, equatorial satellites were
added to the best constellations for each pattern. Only a few configurations saw improved
coverage, and that improvement was limited. With the additional satellites, the Streets of
Coverage constellations were still more efficient then the Walker constellations. The
limited effectiveness of adding equatorial satellites to constellations implies that such
measures only marginally improved the coverage and should be considered on a case by
case basis.
The last analysis in this study was to analyze the potential cost of stationkeeping.
A Streets of Coverage constellation with twelve satellites was chosen and both the crosstrack and in-track stationkeeping costs were calculated as required changes in velocity.
The cross-track stationkeeping cost for the entire constellation was estimated at 764 m/s
per year while the in-track stationkeeping cost was 1800 m/s per year. The cross-track
stationkeeping accounts for both the planar spacing of the constellation and the need to
adjust the inclination slightly. The in-track stationkeeping is only concerned with the
phasing of satellite within the plane. The main factor in the in-track stationkeeping is not
the initial semi-major axis but the mean semi-major axis. Designers must adjust the initial
semi-major axis so that the satellites have the same mean semi-major axis. Without the
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equivalent mean semi-major axes, the satellites will have different orbital periods which
will lead to erratic and inadequate phasing. The inadequate phasing will significantly
decrease the overall coverage statistics.

Future Work

This study has initiated research into the proper design of constellations of lunar
satellites based on Earth-constellation design techniques and knowledge of the lunar orbit
environment. Many areas of further research in this area remain. For instance, while the
techniques presented here should translate well to higher altitude constellations, design of
navigation and communications constellations should be specifically investigated. Also,
further exploration of potential frozen orbits for low-lunar constellations should be
undertaken as this area was only addressed in a cursory way here. Finally, consideration
of effective translunar trajectory and lunar orbit insertion designs must be addressed in
order to provide a complete picture of the mission costs for establishing lunar satellite
constellations.

REFERENCES
[1]

Park, S., and Junkins, J.L. “Orbital Mission Analysis for a Lunar Mapping
Satellite,” Journal of the Astronautical Sciences, Vol. 43, No. 2, 1995, pp. 207217.

[2]

Ely, T.A. “Stable Constellations of Frozen Elliptical Inclined Lunar Orbits,”
Journal of the Astronautical Sciences, Vol. 53, No. 3, 1995, pp. 301-316.

[3]

Barton, G.H., Shepperd, S.W., and Brand, T.J. “Proposed Autonomous Lunar
Navigation System,” Advances in the Astronautical Sciences, Vol. 85, No. 2,
1993, pp. 1717-1736.

[4]

Ely, T.A, and Lieb, E. “Constellations of Elliptical Inclined Lunar Orbits
Providing Polar and Global Coverage,” Advances in the Astronautical Sciences,
Vol. 123, No. 2, 2005, pp. 1447-1462.

[5]

Folta, D., Beckman, M., Lozier, D., and Galal, K. “The Lunar Prospector
Mission: Results of Trajectory Design, Quasi-Frozen Orbits, Extended Mission
Targeting, and Lunar Topography and Potential Models,” Advances in the
Astronautical Sciences, Vol. 103, No. 2, 1999, pp. 1505-1524.

[6]

Beckman M., and Folta, D. “Mission Design of the first Robotic Lunar
Exploration Program Mission: The Lunar Reconnaissance Orbiter,” Advances in
the Astronautical Sciences, Vol. 123, No. 2, 2005, pp. 2497-2511.

[7]

Branley, F.M. The Moon, Earth’s Natural Satellite, Thomas Y. Crowell
Company, New York, 1960.

[8]

Vallado, D.A. Fundamentals of Astrodynamics and Applications, Microcosm
Press, El Segundo, CA, 2001.

[9]

CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL 1988.

[10]

LP165 Spherical Harmonic Model published by the Jet Propulsion Laboratory:
http://pds-geosciences.wustl.edu/missions/lunarp/index.htm.

100

[11]

Akim, E.L. “Determination of the Gravitational Field of the Moon from the
Motion of the Artificial Lunar Satellite “Lunar-10”,” Dokl. Akad. Nauk SSSR,
Vol. 170, 1966, pp. 799-802.

[12]

Muller, P.M., and Sjorgren, W.L. “Mascons: Lunar Mass Concentrations,”
Science, Vol. 161, 1968 pp. 680-684.

[13]

Konopliv, A.S., Asmar, S.W., Carranza, E., Sjogren, W.L., and Yuan, D.N.
“Recent Gravity Models as a Result of the Lunar Prospector Mission,” Icarus,
Vol. 150, 2001, pp. 1-18.

[14]

Konopliv, A.S., Sjogren, W.L., Wimberly, R.N., and Vijayaraghavan, A. “A High
Resolution Lunar Gravity Field and Predicted Orbit Behavior,” Advances in the
Astronautical Sciences, Vol. 85, No. 2, 1993, pp. 1275-1294.

[15]

Lemoine, F.G., Smith, D.E., Zuber, M.T., Neumann, G.A., and Rowlands, D.D.
“A 70th Degree Lunar Gravity Model (GLGM-2) from Clementine and Other
Tracking Data,” Journal of Geophysical Research, Vol. 102, No. E7, 1997, pp.
16339-16359.

[16]

Overview of the Japan Aerospace Exploration Agency SELENE Mission:
http://www.isas.ac.jp/e/enterp/missions/selene/index.shtml

[17]

Wertz, J.R. Mission Geometry; Orbit and Constellation Design and Management,
Microcosm Press, El Segundo, CA, 2001.

[18]

Walker, J.G. “Some Circular Orbit Ptterns Providing Continuous Whole Earth
Coverage.” Journal of the British Interplanetary Society, Vol. 24, 1971, pp. 369384.

[19]

King, R., Mississippi State University, personal communication, June 8, 2006.

[20]

“SAR-Lupe: The innovative Program for Satellite-Based Radar Reconnaissance,”
OHB-System AG: http://www.ohb-system.de/pdf/sar-lupe-broschure.pdf.

[21]

“NASA’s Exploration Systems Architecture Study,” NASA-TM-2005-214062.

[22]

Elipe, A., and Lara, M. “Frozen Orbits About the Moon,” Journal of Guidance,
Control, and Dynamics, Vol. 26, No. 2, 2003, pp. 238-243.

[23]

Roy, A.E. “The Theory of the Motion of an Artificial Lunar Satellite,” Icarus,
Vol. 9, 1968, pp. 82-132.

101

